Understanding the rates, spectra, and fitness effects of spontaneous mutations is fundamental to answering key questions in evolution, molecular biology, disease genetics, and conservation biology. To estimate mutation rates and evaluate the effect of selection on new mutations, we propagated mutation accumulation (MA) lines of Daphnia pulex for more than 82 generations and maintained a non-MA population under conditions where selection could act. Both experiments were started with the same obligate asexual progenitor clone. By sequencing 30 genomes and implementing a series of validation steps that informed the bioinformatic analyses, we identified a total of 477 single nucleotide mutations (SNMs) in the MA lines, corresponding to a mutation rate of 2.30 Â 10 À9 (95% CI 1.90-2.70 Â 10
Introduction
Mutation is the ultimate source of genetic variation and a fundamental component of evolution. Knowledge of the rates, types, and genome-wide patterns of mutations in a species is essential to understanding many biological phenomena, such as the nature of genetic diversity in populations (Johnson and Barton 2005) , genetic diseases (de Ligt et al. 2013) , adaptation to changing conditions (Latta et al. 2013) , divergence time between related species (reviewed in Kumar 2005) , and the evolution and maintenance of sexual reproduction (Kondrashov 1988) . Although it is generally accepted that most mutations that occur in functional regions of the genome are deleterious (Keightley and Lynch 2003) , the relationship between mutation, selection, and fitness is poorly understood. Especially lacking is information about the rate of spontaneous mutations as well as their fate when exposed to natural selection. These factors influence whether new variants are lost, persist, or increase in frequency in a population, leading to adaptation to new challenges, diversity maintenance, or mutational decline in fitness.
Mutations are inherently difficult to study firstly because they are rare and secondly because deleterious mutations are often purged by selection in natural populations (Kondrashov and Kondrashov 2010) . For these reasons, mutation accumulation (MA) lines have often been used to study spontaneous mutation (Halligan and Keightley 2009) . MA experiments begin with a single progenitor or inbred lineage that is replicated among independent lines that are propagated forward for many generations. The effects of selection are greatly reduced due to population bottlenecks imposed on each line every generation, drastically reducing the effective population size, and allowing all but the lethal and sterility-causing mutations to accumulate. Past studies have relied upon phenotypic decline and divergence (Houle et al. 1992) or sequencing of selected portions of the genome (Denver et al. 2004 ) of MA lines to estimate mutation rates, but these methods have limitations and require potentially problematic assumptions (Keightley and Eyre-Walker 1999; Lynch et al. 2008) . With the application of whole-genome sequencing (WGS) technology, we can now obtain a more detailed view of the mutational process to examine the mutational divergence of the whole genomes of MA lines. Several studies used this approach to provide single nucleotide mutation (SNM) estimates in diverse taxa from Dictyostelium to mouse, reporting rates of 2.9 Â 10 À11 and 5.4 Â 10 À9 per nucleotide per generation, respectively (Saxer et al. 2012; Uchimura et al. 2015) . Such studies have started to provide information regarding the extent to which mutation rates vary across divergent taxa (Lynch et al. 2008 ) and different genetic backgrounds , and about selection on the mutation rate itself (Saxer et al. 2012; Sung et al. 2012) .
Despite recent progress in the field, a number of limitations in studying the full spectrum of mutations persist. A major limitation stems from challenging bioinformatic analyses required for WGS studies in cases where there are insufficient genomic resources. Accurate mutation rate estimates require thorough analytic procedures that are difficult to calibrate without validation approaches (Li 2011; Keightley et al. 2015) . Moreover, most MA studies have been conducted on inbred lines (e.g., Mus, Caenorhabditis, Drosophila, and Arabidopsis), haploid organisms (e.g., Saccharomyces, Schizosaccharomyces, Chlamydomonas, and Dictyostelium), or homozygous progenitors in which the only observable mutations are to a heterozygous state (Saccharomyces, Zhu et al. 2014) . The approach of using homozygous lines introduces biases in the types of mutations that can be detected. In particular, recessive lethal mutations cannot be observed. Furthermore, large-scale events that result in loss of heterozygosity (LOH) cannot be observed in homozygous genomes. LOH events are due to either deletions (resulting in hemizygosity) or recombination (resulting in homozygosity), which can occur during meiosis as well as ameiosis, for example from the repair of a spontaneous double-stranded break (Hilliker et al. 1994; Xu et al. 2011; Yim et al. 2014 ). Understanding the rates of LOH may be particularly important because this neglected class of mutations has been suggested to be an important component of the mutational process in the evolution of various organisms such as fungi and Daphnia (Omilian et al. 2006; Forche et al. 2011; Tucker et al. 2013) and is prevalent in human genetic diseases (Lemeta et al. 2004) .
Even when an accurate mutation rate estimate can be made, further investigation is required to understand the fitness consequences of new mutations and how selection acts in a population to remove or maintain them. This can be achieved by comparing the rate and spectrum of mutations in selection-limited environments (e.g., MA line propagation conditions) to populations experiencing selection. However, very few studies have investigated how selection acts on new mutations in this way. Keith et al. (2016) compared the largescale deletion and duplication rates from MA lines to genetic diversity in a natural population and inferred that selection purged many of these mutations from the population. Ideally though, the de novo mutations that make it through the "filter" of selection (the "realized mutation rate") should be compared with MA lines with the same genetic background, since the genetic background can influence mutation rates . Nevertheless, Keith et al. (2016) provided a valuable snapshot of the current standing variation as evidence of selection. Still missing is a study comparing mutations in practically selection-free MA lines to a population that was founded by the same progenitor and experienced selection-so new mutations can be identified and directly compared between conditions with and without selection, without the potential biases of different genetic backgrounds.
The microcrustacean Daphnia, commonly known as the water flea, is a suitable organism for studying mutation. It is simple to propagate in the laboratory and has a reference genome sequence available. Its moderate to high natural heterozygosity levels (Tucker et al. 2013 ) and ability to reproduce asexually (via apomixis) allow the concurrent study of both point mutations in a heterozygous state as well as large-scale LOH events. Moreover, the system is ideal for drawing inferences about mutation patterns and their implications for the long-term persistence of asexual lineages. Although most Daphnia are capable of cyclical parthenogenesis (alternating between asexual and sexual phases), some lineages are obligate asexual, having lost the ability to reproduce sexually because of meiosis-suppressing elements that cause meiosis to abort in females (Innes and Hebert 1988; Hiruta et al. 2010) . Past studies have used Daphnia MA lines to investigate LOH and its importance in asexual species by genotyping microsatellite loci (Omilian et al. 2006; Xu et al. 2011) , and using WGS (Keith et al. 2016) . Knowledge of the rates of LOH via recombination is of particular interest since recombination has been assumed to be negligible in asexually reproducing organisms such as Daphnia. Large-scale homozygous LOH events in Daphnia undergoing asexual reproduction exclusively can be attributed to ameiotic recombination in the apomictic germ cells (Omilian et al. 2006; Xu et al. 2011) .
In this study, we estimate the mutation rates for a broad spectrum of mutations in Daphnia pulex, and evaluate the influence of natural selection on the fate of de novo mutations in a population. To do this, we carried out an MA experiment, and in parallel maintained a non-MA population (nonbottlenecked population where selection could operate) founded by the same progenitor. We sequenced a total of 30 D. pulex genomes and applied an analytical approach that involved strict filtering alongside Sanger sequencing validation of putative mutations to address problems associated with mapping short reads to the reference genome that has high duplication levels. We estimate the mutation rates for base substitutions and large-scale deletions, as well as rates of ameiotic recombination in 24 MA lines propagated strictly asexually. Finally, we use the mutation rates from the selection-free MA lines as neutral expectations to assess the level and types of selection in the non-MA population.
Results

Sequencing of 30 Genomes
We sequenced and analyzed 30 Daphnia pulex genomes: 24 MA lines randomly selected from 50 lines (C01-C50) propagated asexually for an average of 82 generations, as well as six isolates (CC3, CC4, CC6, CC7, CC8, and CC9) from a laboratory-maintained (non-MA) population. This non-MA population was initiated from the same asexual progenitor as the MA lines and was maintained for the duration of the MA experiment (over 5 years) in a 15 L tank (N¼ 100-250 individuals) where selection was allowed to act (i.e., no singleprogeny bottlenecks every generation). We obtained a total of 130 Gbp of sequencing data from the 30 genomes analyzed. Approximately 85% of reads mapped to the reference Mutation and Selection in Daphnia . doi:10.1093/molbev/msw234 MBE genome. The average coverage per MA line and non-MA isolate ranged from 7.44 to 14.4Â, except for two MA lines that were intentionally sequenced to a higher depth (19.0 and 20.0Â). The increase in sequence depth was conducted to test the effect of higher sequence coverage on the mutation rate estimate. To increase the power of detecting mutations whereas minimizing false positives, we focused on highconfidence sites based on several filtering criteria. After filtering, we retained a total of 52,530,668 sites with an average coverage of 13Â for each of the MA lines. For the non-MAs, we analyzed a total of 41,697,845 sites for each isolate with an average depth of 14Â. We expected to observe three possible genotype changes for mutations: Hom-Het, Het-Het, and Het-Hom, where "Hom" represents homozygous, "Het" represents heterozygous, and "-" represents a change in genotype of a site from the ancestral state due to a mutation. Hom-Het and Het-Het mutations reflect changes to a single genomic position, whereas Het-Hom mutations reflect LOH and are expected to occur in consecutive stretches. Single-site substitutions that cause Het-Hom changes are negligible in our dataset (supplementary text S1, Supplementary Material online). To quantify the mutations accumulated since the common ancestor and estimate mutation rates, we used strict filtering of variant calls informed by several validation steps. Failure to detect true mutations (i.e., false negatives) could be caused by missing a novel second allele at a site with low coverage, and detecting mutations that are not real (i.e., false positives) can be caused by sequencing and mapping errors. In order to reduce both of these, we only considered sites that had an average of at least 6Â coverage for each line, and we performed a binomial test at each putatively variant site for each individual MA line to test if the number of reads of each allele statistically supports the Mendelian segregation ratio of a new mutation. We took several additional steps to reduce false positives (see "Materials and Methods" section). Below we describe the mutations and patterns in the MA lines, followed by the non-MA isolates.
Mutations in the MA Lines
Single Nucleotide Mutations and Indels We found a total of 477 SNMs (single nucleotide mutations) and 6 indels (insertions/deletions) across all lines (supplemen tary files S1 and S2, Supplementary Material online). Each MA line contained 7-36 SNMs and 0-1 indels (table 1). This includes only Hom-Het and Het-Het mutations, which are the types of changes that we expect from mutations affecting a single genomic site. We only found one Het-Het mutation after filtering-this is not surprising given that ancestrally heterozygous sites comprise 0.7% of the genome. The overall SNM rate was 2.30 Â 10 À9 (95% CI 1.90-2.70 Â 10
À9
) per site per generation. We do not report an indel rate because of the strict filtering that we implemented (required to remove false positives), combined with the limited detection ability of software (Fang et al. 2014) which likely led to a low estimation of indels. The SNM rate obtained in our study may be a slight overestimate because our Sanger sequencing validation of 19 mutations had a false positive rate of 21%, which is likely attributable to mapping errors that were not detected in our pipeline. Mismapping issues can increase when reads are mapped to a diverged reference genome that also contains considerable amounts of duplication, causing false positive calls of mutations (Li 2011; Ribeiro et al. 2015) . Therefore, if one assumes that 21% of our estimated SNMs are false positives, a more accurate mutation rate estimate is 1.80 Â 10 À9 per site per generation. There were five sets of multinucleotide mutations (MNMs, mutations occurring within 50 bp of each other) observed after filtering (26 sets passed our filtering algorithm but 21 of these were excluded after manual inspection, see "Materials and Methods" section). Three of the five MNMs were in a single MA line, C08, and the others were in MA lines C34 and C37. All identified MNMs were pairs or triplets of SNMs either immediately adjacent or two to three nucleotides apart. Of the small indels detected, two were insertions (2 and 7 bp) and four were deletions (1-13 bp). We also obtained interpretable Sanger sequences for two indels and two sets of MNMs, and all were confirmed.
The most frequent base substitution was G:C ! T:A (where ":" represents Watson-Crick base pairing), both in absolute number and conditional rate (table 2). The second most frequent substitution was G:C ! A:T, making the GjC ! AjT mutation rate almost four times that of AjT ! CjG (where "j" represents "or"). This made the equilibrium A þ T genome composition (based on mutation alone) much higher than the observed A þ T composition (80.9% vs. 58%). We also detected a transition bias with transitions being 1.6 times more frequent than the null expectation in our Hom-Het SNMs; the transition to transversion ratio (T s /T v ) was 0.81 compared with the null expectation of 0.5 if each base mutated to another with equal probability. fig. 1 ). There was no significant enrichment or deficit of SNMs among these functional regions (v 2 ¼ 0.41, df ¼ 2, P ¼ 0.81). There were 29 synonymous mutations and 93 missense substitutions, five substitutions that created stop codons, and one substitution that led to loss of a start codon. Two of the six indels detected were in coding regions and caused frameshift mutations. Ancestral heterozygosity among the 12 chromosomes varied between 0.54 and 1.22% after normalization based on the number of sites that mapped to each chromosome, with an average of 0.69% across the entire genome. The distribution of SNMs across chromosomes varied up to 2.5-fold, which was significantly more than expected from a random distribution (v 2 ¼ 22.96, df ¼ 11, P < 0.018), with chromosome 9 exhibiting the highest mutation rate and the greatest deviation from random expectations. Regions containing ancestrally duplicated loci, indicated by sites that contain two alleles but not in the 1:1 ratio (as expected for a single heterozygous locus), were also most frequent on chromosome 9. We checked for differences in the false positive rate across chromosomes (see "Materials and Methods" section), and found that it did not differ significantly across chromosomes (supplementary table S1, Supplementary Material online; v 2 ¼ 7.22, df ¼ 11, P ¼ 0.78).
Loss of Heterozygosity
We were conservative in specifying de novo LOH, defined here as regions containing multiple Het-Hom sites spanning >100 bp with minimal interruption of heterozygous sites. This definition enabled the detection of deletions and recombination tracts spanning at least 100 bp. There was no evidence of cryptic sexual reproduction occurring. The overall rate of LOH was 4.82 Â 10 À5 per heterozygous site per generation. However, this relatively high rate was driven by one large ameiotic recombination event (see below), making the ameiotic recombination rate several orders of magnitude higher than the hemizygous deletion rate (4.80 Â 10 À5 vs. 8.21 Â 10
À8
). There were five moderately sized LOH events in four of the 24 MA lines (table 3) . We inferred that all moderately sized events were caused by deletions, indicated by lower normalized read depth in the affected line compared with the other lines (table 3, fig. 2A ). The minimum size of these events, defined as the region spanning the Het-Hom sites ranged from 181 to 2078 bp. The maximum size of these events, defined as the distance between the two heterozygous sites flanking the Het-Hom sites, ranged from 503 to 4012 bp. If one assumes that the deletion breakpoints occurred halfway between the minimum and maximum size, the average deletion size was 1892 bp. Four of these deletions affected genes. We checked one of the moderately sized LOH events with Sanger sequencing (in C08, table 3, supplementary table  S2 , Supplementary Material online) and confirmed that there were no heterozygous sites across the region in the mutant MA line, where two other MA lines used as controls had many.
One MA line, C40, had an extremely high LOH rate of 1.19 Â 10 À3 per heterozygous site per generation. This line shows one large LOH tract, spanning a total of over 6 Mb on chromosome 11 ( fig. 2B ). The seven scaffolds that map to chromosome 11 span the entire linkage group (Xu, Ackerman, et al. 2015, fig. 3 ) and were each comprised of Het-Hom sites in C40 for almost all the ancestral heterozygous sites. We positively verified five regions spanning approximately 900 bp each using Sanger sequencing, including most physical regions on chromosome 11 ( fig. 3 ). This confirmed that C40 contained no heterozygous sites across these regions, both in the generation that was used for whole-genome sequencing and also from an individual taken from five generations later in the experiment. The two control MA lines used for validation contained several to dozens of heterozygous sites across the same regions. Normalized read depth in C40 across Mutation and Selection in Daphnia . doi:10.1093/molbev/msw234 MBE chromosome 11 was not lower than the average of the other 23 lines ( fig. 2B ), suggesting that this event resulted in homozygosity as opposed to hemizygosity, likely caused by an ameiotic recombination event. The same pattern of equal read depth was found in the 13 unmapped scaffolds that experienced LOH in C40 as well, so we infer that these scaffolds also belong to chromosome 11 and resulted from the same recombination event (supplementary text S2, Supplementary Material online). Additionally, complete homozygous deletions in C40 occurred in at least two locations near the middle of chromosome 11, totalling $100 kb (figs. 2B and 3). The large LOH event in C40 affected an estimated total of 1457 genes. No other LOH event associated with a different chromosome was found in C40.
Resequencing of Two MA Lines We found that increasing the coverage to an average of $20Â (28Â for the sites used for analysis) in two randomly selected MA lines did not affect the estimated mutation rate of SNMs. Both before and after doubling sequence read depth, the SNM rate we estimated for C01 and C35 was similar to the average of the other lines (table 1) . This provides justification that the depth of coverage in the other 22 lines ($15Â per line for the variant sites under analysis) was sufficient for accurately estimating mutation rates. Sequencing the two lines at higher depth also justified our exclusion of stand-alone Het-Hom sites and consecutive Het-Hom sites spanning a region <100 bp (see "Materials and Methods" section); such Het-Hom tracts were found to be mostly read sampling artefacts associated with low depth of coverage when C01 and C35 were sequenced to a greater depth. The number of putative stand-alone Het-Hom sites decreased with higher depth from 446 to 363 in C01 and 727 to 352 in C35. Similarly, the number of small regions (<100 bp) consisting of consecutive Het-Hom sites decreased with higher depth from 27 to 14 in C01 and 76 to 7 in C35. We found a total of 20 independent SNMs among the six isolates from the non-MA population. There were no fixed changes in all six isolates compared with the ancestral clone.
We identified four distinct lineages with no shared mutations among all of these lineages, although one lineage contained three related isolates with shared mutations (fig. 4) . Since the population was not controlled with bottlenecks and there were overlapping generations, we do not know the number of generations of propagation that lineages within this population underwent. We therefore estimated the realized SNM rate based on a range of possible generation numbers for the non-MA population. The MA lines had undergone 101 generations at the time the non-MA isolates were collected, but it is possible that the non-MAs underwent fewer generations. We calculated the minimum number of generations the non-MA lineages would have had to undergo in order for their estimated realized SNM rate to be significantly lower than the MA lines. We found that for generation numbers as low as 40, the non-MA realized SNM rate was below the 0.05 quantile of the rate distribution calculated from permutations of MA lines ( fig. 5 ). Even if the rate of false positive SNMs in the MA lines are taken into account, the non-MA rate would still be below the 0.05 quantile at 50 generations. It is unlikely that the non-MA population would have progressed only half the number of generations as the MA lines in 5 years, thus it is reasonable to assume that the non-MA population actually underwent more generations than 50 and had a significantly lower realized mutation rate.
Mutation Spectrum and Distribution
The non-MA isolates had a significantly different substitution spectrum from the MA lines, with differing proportions of the six possible base substitutions (v 2 ¼ 14.3, df ¼ 5, P ¼ 0.014). This is due to the proportionally higher number of C:G ! T:A transitions as opposed to C:G ! A:T transversions (table 2) . This led to a significantly higher T s /T v ratio in the non-MAs compared with the MA lines (2.3 vs. 0.81, P ¼ 0.019). The distribution of SNMs among exons, introns, and intergenic regions between the non-MAs and the MA lines was similar ( fig. 1) , and there were no significant differences between the non-MAs and MAs for any of these categories (P ¼ 0.637, 0.361, 0.760, respectively), although there was limited statistical power given only 20 SNMs were detected in the nonMAs. Of the six mutations that occurred in exons, three were synonymous, two were missense, and one was nonsense. The ratio of synonymous to nonsynonymous changes was 1.0 in the non-MAs compared with 0.3 in the MA lines, however this did not represent a statistically significant difference (P ¼ 0.113). All of the three shared mutations ( fig. 4 ) were annotated as upstream or downstream gene variants, with two being intronic and one being intergenic. We did not detect any indels or MNMs in the non-MAs, but this was not a significant deficit considering the low rate of these types of mutation in the MA lines (P ¼ 0.995 and P ¼ 0.991, respectively). We detected LOH in only one isolate, and this event was a deletion on chromosome 9. This event spanned a total of about 37 kb (not including the interrupting regions possibly due to scaffold misassembly) (table 3) . This deletion affected 12 proteincoding genes, and one pseudogene. The same isolate had 
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another small deletion ($1 kb) on a scaffold that has not been mapped to a chromosome, so this may or may not be part of the same event (table 3) .
Discussion
In this study, we quantified the rates and described the spectra of spontaneous mutations, including large-scale LOH events that are rarely detectable in MA experiments that use homozygous and inbred lines. We also investigated how selection acts on new mutations by comparing these results with the observed mutations in non-MA individuals from a nonbottlenecked population with the same genetic background. Our results support the assumption that selection is nearly absent during MA line propagation, with the proportion of mutations in coding versus noncoding regions not differing significantly from random expectations. In comparison, the non-MA population exhibited strong signatures of both diversifying and purifying selection.
Point Mutation Rate and Spectrum in MA Lines
The estimated SNM rate of 2.30 Â 10 À9 per site per generation is similar but slightly lower than that found in a recent MA study of Daphnia ($4 Â 10
À9
, Keith et al. 2016) , which may be explained by the strict mutation filtering pipeline we used. Our estimate is also close to estimates from the other metazoan MA studies including Drosophila (3.5 Â 10 , Uchimura et al. 2015) . The strikingly similarity of these SNM estimates suggests that the mutation rate is robust across the animal kingdom and is potentially tightly constrained by natural selection.
We found five sets of multinucleotide mutations (MNMs), mutations closely clustered together that almost certainly represent a single event in which multiple bases are changed at once. They have commonly been found to occur at rates higher than expected if they were independent mutations (Schrider et al. 2013; Zhu et al. 2014; Keith et al. 2016) . Several mechanisms have been proposed to cause MNMs, including error-prone polymerases or DNA repair machinery, or even one mutation causing a second (Schrider et al. 2011) . Interestingly, three out of the five MNMs we found occurred in a single line (C08), suggesting this line may have incurred a mutation making it more susceptible to MNMs. MNMs accounted for 2.3% of SNMs in our study, similar to Schrider et al. (2013) , which found 2.79% of SNMs in Drosophila to be accounted for by MNMs ( fig. 6A ). In contrast, Keith et al. (2016) found a very high rate of MNMs, accounting for 16% of SNMs in their asexual Daphnia MA lines (even after excluding the MA line they found to be an outlier) ( fig. 6A ). Because MNMs involve multiple mutations occurring in the same read, mapping artefacts can inflate MNM estimates when reads from distinct but similar loci map to the same position in one line. We manually inspected the BAM alignment files to remove artifactual MNMs, but before doing this we found a similarly high amount of MNMs as Keith et al. (2016) (fig. 6A ). 
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We found the substitution spectrum to be highly A þ T biased. There were high rates of both C:G ! A:T transversions and C:G ! T:A transitions occurring at almost equal rates. C:G ! T:A transitions are often suggested to be caused by the spontaneous deamination of 5-methyl cytosine (Keith et al. 2016) , but this bias has also been observed in eukaryotes without a methylation system (Behringer and Hall 2015) . The even slightly higher rate of C:G ! A:T transversions in the MA lines suggests that deamination of methylated cytosine is not the only cause of A þ T substitution bias we observed here. The equilibrium A þ T genome composition in the MA lines (from substitution alone) is estimated to be 80.9%, whereas the actual genome composition of the MA progenitor is 58% A þ T. Therefore, factors other than substitution must have shaped the genome composition of Daphnia populations in nature. A similar A þ T bias was also found in the Keith et al. (2016) study, and is common in MA studies of other organisms (Ossowski et al. 2010) . Possible explanations for this include selection against A þ T increase or GC-biased gene conversion in nature (Galtier et al. 2001 ). We found a slight transition bias with a T s /T v of 0.81, close to what was found in yeast (Zhu et al. 2014) and Drosophila ), but less than the T s /T v of 1.52 found in the previous Daphnia study (Keith et al. 2016 ). This discrepancy is due to our higher rate of C:G ! A:T transversions.
Loss of Heterozygosity
One MA line (C40) experienced a very large LOH event across the entire linkage group 11. Het-Hom sites in C40 were found across all scaffolds that mapped to this linkage group , spanning over 6 Mb. Because all of our MA lines strictly reproduced asexually, the large LOH event in C40 likely resulted from an ameiotic recombination event, and was accompanied by intermittent homozygous deletions totalling approximately 100 kb on the affected chromosome. We note that the correspondence between linkage groups and chromosomes is not confirmed and the structure of the 12 Daphnia chromosomes is not well known Colbourne et al. 2011) , thus "chromosome 11" may represent an arm of an acrocentric or telocentric chromosome. Generally, such a large-scale event is expected to have a high impact on the fitness of the organism. However, at the time of sequencing, C40 had a generation number equal to the median of that of all lines. Eventually, C40 did go extinct, 29 generations after it was sequenced. Its extinction may have been influenced by its complete homozygosity across an entire chromosome, possibly because of interaction effects of fixed deleterious alleles with new mutations or another unknown cause.
In other MA lines besides C40, LOH was less common with five smaller LOH events detected in four of the other 23 lines, all of which were likely due to hemizygous deletions. Because the LOH event in C40 was so large, our per site estimated rate of ameiotic recombination was higher than the rate of hemizygous deletion, contrary to past studies (Xu et al. 2011; Keith et al. 2016) . The hemizygous deletion rate we found is orders of magnitude lower than past studies (10 À7 vs. 10
À5
). This could reflect biological differences in the divergent lineages of Daphnia studied, or inaccuracies stemming from various methodological approaches in the different studies. However, the overall LOH rate is strikingly similar to estimates derived from past studies in divergent lineages of Daphnia both by genotyping microsatellites (Omilian et al. 2006; Xu et al. 2011 ) and whole genome sequencing (Keith et al. 2016) (fig. 6B) . Omilian et al. (2006) reported a similar sized and structured LOH event in their MA study of a divergent D. pulex lineage as we did in C40, which encompassed over half of a chromosome and was caused by an ameiotic recombination followed by internal deletions (Xu et al. 2011) . We observed different patterns of LOH than Keith et al. (2016) , which found many short gene conversion events (dozens to hundreds of base pairs) and only one MA line with homozygous LOH tracts larger than 1 kb. We found that small regions LOH rates in our study: "before" is before removing stand-alone HetHom sites and regions of consecutive Het-Hom sites spanning <100 bp, "final with C40" is after implementing this filter and including the event in C40, "final without C40" does not include C40's event in the calculation. The estimate from Keith et al. (2016) is the sum of the rate of deletion and gene conversion in the asexual D. pulex MA lines, and the estimate from Xu et al. (2011) was also from D. pulex derived from genotyping microsatellites.
Mutation and Selection in Daphnia . doi:10.1093/molbev/msw234 MBE of Het-Hom sites spanning <100 bp were not reproducible by Sanger sequencing, so we defined LOH as events spanning at least 100 bp (see "Materials and Methods" section for details), but estimates including them would still be comparable to past studies ( fig. 6B ).
LOH and the Evolution of Asexual Species
Previous studies in Daphnia have found the chromosomes containing the meiosis-suppressing elements in obligate asexuals (chromosomes 8 and 9) to contain the highest levels of heterozygosity (Tucker et al. 2013 ) and de novo copy number variants (Keith et al. 2016) . We found chromosome 9 to have the highest SNM rate, possibly explained by highly heterozygous regions exhibiting an elevated mutation rate (Yang et al. 2015) . We also found that chromosomes 8 and 9 contained high levels of historical duplication, indicated by the highest proportion of sites with signatures of duplicated loci mapping; i.e., two alleles mapping in ratios not supporting a single heterozygous locus (e.g., 200 reads A and 40 reads C). The spread of asexuality is hypothesized to occur through backcrossing of males of obligate asexual lineages (meiosis is suppressed in females only), and requires transmission of the entire intact haplotype that contains the meiosissuppressing elements . Our evidence, along with supporting evidence from Keith et al. (2016) , who investigated large deletions and duplications, suggest that chromosomes 8 and 9 have been prone to copy number variation throughout the history of evolution of obligate asexual Daphnia pulex. It is possible that the duplications present on these chromosomes may increase the chances that all the meiosis-suppressing elements on the haplotype are transmitted together, thus improving the efficiency of the spread of asexuality . A hemizygous deletion occurred on chromosome 9 in a non-MA isolate, but it was not detected to be part of a duplicated region, and it did not affect any of the sites found to be associated with obligate asexuality .
Past studies have noted the potential importance of LOH in asexual species and suggested that ameiotic recombination may occur at significant levels in obligate asexual lineages, possibly reducing linkage between alleles and allowing deleterious or beneficial alleles to be lost or fixed (Omilian et al. 2006; Xu et al. 2011) . Our findings support this view, and we suggest that LOH is indeed an important mutational input in the evolution of asexual lineages. We found one very large ameiotic recombination event, and considering it caused complete homozygosity across 6 Mb, and that the MA line harboring it eventually went extinct, this was likely not a beneficial event. The other LOH events we found were deletions resulting in hemizygosity, and these are considered to not be beneficial because of loss of complementation of existing or future deleterious alleles on the hemizygous haplotype (Archetti 2004) . The hypothesis that deletions are often deleterious and removed by selection was supported by Keith et al. (2016) , who found that the frequency of large-scale deletions was lower in natural populations than what would be expected based on their rate estimates derived from MA lines. On the other hand, our observation of a hemizygous deletion in one non-MA isolate that experienced selection suggests that these events can also have negligible effects on fitness, especially in a species that contains many duplicated genes.
Mutation Accumulation with and without Selection
The experimental design of this study, based on comparing mutations accumulated in the same initial genotype in a selection-free MA experiment versus a non-MA environment allowed us to study the effect of selection on new mutations. We found evidence for purifying selection in the non-MA population, with a significantly lower realized mutation rate than the rate observed in the MA lines. The significantly greater transition bias found in the non-MA isolates is of interest, as it was mainly driven by SNMs in noncoding regions. Typically a transition bias is assumed to occur because transitions have a lower probability of causing amino-acid changes than transversions (Wakeley 1996) , but only three synonymous mutations occurred in the non-MAs (and one of the three was caused by a transversion). The higher T s /T v was driven by an altered mutation spectrum in the non-MAs, mainly in noncoding regions-with 70% of SNMs being C:G !T:A transitions, compared to 32% in the MA lines. The altered spectrum could therefore be caused by different environmental conditions influencing the mechanism of mutation (Jiang et al. 2014) , or by the influence of selection on noncoding regions. Since the conditions in the non-MA tank and the MA lines were almost identical, we suggest that the altered mutation spectrum was not due to the environment but instead was a result of selection on noncoding cis-acting regulatory sequences. Bergman and Kreitman (2001) found that $25% of noncoding sequences were under selective constraints in Drosophila, and a 2-fold transition bias was observed in these regions. The fact that D. pulex has a compact genome with intergenic regions averaging only 4 kb compared to 78 kb in mouse (Colbourne et al. 2011) suggests that a high proportion of noncoding DNA could be under selective constraint.
High Diversity in the Non-MA Population An unexpectedly high level of diversity was detected in the non-MA population, with four distinct lineages found among the six sampled individuals (fig. 4) . The lack of shared mutations among the four lineages argues against a recent bottleneck, suggesting that the genetic diversity generated relatively early in the experiment was maintained. One might find this surprising, assuming purifying selection was the primary mode of selection acting. Such an observed pattern of diversity could have been caused by: (a) most mutations being neutral and therefore selection being negligible; (b) reduced effectiveness of selection in the obligate asexual population (Paland and Lynch 2006; Tucker et al. 2013) ; and/or (c) selection favouring divergence between clones. Since the significantly lower realized mutation rate in the non-MAs compared to the MAs suggests that purifying selection against newly arising mutations was acting, factors (a) and (b) are not likely driving the observed pattern. Additionally, if balancing selection was not acting, it is unlikely that distinct Flynn et al. . doi:10.1093/molbev/msw234 MBE lineages would be maintained with minimal branching within the lineages. We suggest that initial diversifying selection among clones was responsible for generating distinct lineages, and negative frequency-dependent selection maintained these lineages. Within the lineages, we suggest that purifying selection and clonal interference are likely acting against additional new mutations that would branch the lineages further. Our findings of balancing selection are contrasting from those from a recent study of quantitative trait variation in Drosophila. Huang et al. (2016) found less genetic and phenotypic variation in wild isolates than expected based on MA lines, and from this inferred strong stabilizing selection.
Selection Without Recombination
It has been suggested that selection is inefficient in asexual populations, since recombination does not occur with sexual reproduction at every generation, thus new mutations, deleterious, and beneficial, are effectively linked to the rest of the genome (Muller 1964) . Tucker et al. (2013) found no evidence for purifying selection on amino-acid-altering substitutions in natural populations of Daphnia. In contrast, we not only found evidence for purifying selection, but also positive diversifying selection in our non-MA population. With a census population size of approximately 100-250, and an effective population size likely lower since the population was founded by a single asexual clone, selection would have to have been quite strong in order to shape the patterns we observed. Additionally, we did not detect any ameiotic recombination in the non-MA isolates, which has the potential to make selection more efficient by fixing or purging deleterious or beneficial alleles. Given that we did not impose any specific environmental stressors on the population, the main source of selection may stem from competition for food. Strong selection implies that a significant proportion of mutations have an effect on fitness in D. pulex. This may be surprising considering this species contains high amounts of duplicated genes, which may buffer the fitness effects of new mutations (Gu et al. 2003; Conant and Wagner 2004) , albeit this subject is controversial (Su et al. 2014) . Our findings suggest that selection is strong enough on fitness-affecting mutations in order to purge deleterious ones and select for beneficial ones in asexual populations.
Materials and Methods
Mutation Accumulation Lines
The Daphnia pulex progenitor of the MA lines was collected from Canard Pond (Lat. 42 12, Long. À82 98) located in Windsor, ON, Canada. Fifty replicate lines were derived from this individual and were cultured in 20 mL of FLAMES soft-water media (Celis-Salgado et al. 2008) . Lines were fed a mixture of three species of algae, Ankistrodesmus sp., Scenedesmus sp., and Pseudokirchneriella sp twice per week. The environment was kept at a constant temperature of 18 C, a humidity of 70%, and a lighting regime of 12 h of light and 12 h of dark. A single progeny individual from each of the lines was transferred to fresh media every generation (ca 11-13 days). Backup lines were kept in case of mortality or sterility of the focal individual. These were used in 6% of transfers, corresponding to an average of once every 16 generations per line. A total of 24 MA lines were randomly selected for sequencing after an average of 82 generations of propagation (ranging between 72 to 88 generations).
Non-MA Population
At approximately the same time as the initiation of the MA lines, a population was founded by the same obligate asexual D. pulex clone that was the progenitor of the MA lines. These non-MA Daphnia were maintained in a 15 L tank with identical media, temperature and lighting conditions. The tank was cleaned monthly to remove debris and partially refresh the media. The tank was fed twice weekly with 50 mL of the same mixture of three species of algae as to the MA lines. At the time the MA lines had undergone an average of 101 generations, six individuals from random locations in the tank (after stirring) were isolated and sequenced. Since overlapping generations occur in the tank, the non-MA isolates likely underwent fewer generations than the MA lines. The non-MA isolates were prepared, sequenced and processed following the same procedures as the MA lines.
Sequencing and Variant Calling
Sample preparation, sequencing, and pre-processing steps are described in supplementary text S3, Supplementary Material online. Calling and processing of variants was done with GATK v.3.3.0 (DePristo et al. 2011) . As in GATK's recommended procedures, we first used HaplotypeCaller to assign a putative genotype to each site along the genome for each line separately, followed by genotyping all lines simultaneously with GenotypeGVCFs. A file containing all variant calls was produced using GATK SelectVariants and was used for subsequent filtering and evaluation of the putative variants. Only the nuclear genome was considered, and ribosomal DNA was excluded because of the known complication of many copy numbers (Crease and Lynch 1991) . We excluded regions of the genome that were annotated as repeat regions (Ensembl v.23) , as these are prone to mapping errors. We also removed sites with an overall depth across all MA 24 lines >620, as these sites have approximately double the expected average coverage likely because of mapping of multiple loci to the same reference position.
Mutation Filtering in the MA Lines Informed by Sanger Sequencing Validations
We applied rigorous filtering on the called mutations since characteristics of the Daphnia genome pose a number of bioinformatic challenges (Li 2011; Ribeiro et al. 2015) . The current reference genome assembly is derived from the sister species Daphnia arenata, is comprised of over 5000 scaffolds, and contains high levels of duplication (Colbourne et al. 2011) as well as some misassembled regions . Single nucleotide mutations (SNMs) and indels were first filtered using a combination of GATK and vcftools v0.1.11 (https://vcftools.github.io/index.html; last accessed Feb 2016) in the manner described below. We considered only sites that had a genotype call for all lines a minimum average depth of 6 Mutation and Selection in Daphnia . doi:10.1093/molbev/msw234 MBE per line. This allowed us to maintain high sensitivity to detect new mutations in a heterozygous state and avoid the false detection of loss of heterozygosity due simply to sampling error at low-depth sites. Initially, putative SNMs and indels were separated and filtered by the parameters recommended by GATK based on read and mapping quality, strand bias, and location in read (supplementary text S4, Supplementary Material online). After this initial filtering of genotype calls, approximately 20,000 putative mutations remained in the MA lines.
We used Sanger sequencing to: (a) validate putative mutations identified at different stages of filtering in order to decide on our filtering regime (supplementary table S2, Supplementary Material online) and design a custom algorithm to remove false positives; and (b) to validate a subset of our final confident set of mutations. Primers were designed around the mutations using Primer3 (Rozen and Skaletsky 1999) or PrimerView (O'Halloran 2015) in order to amplify a 600-900 bp region. For each putative mutation, we amplified the region from: (1) the exact genomic DNA that the libraries were prepared with for the putative mutant line; (2) genomic DNA collected from $5 generations later in the putative mutant line; and (3) genomic DNA from two other independent lines as negative controls. Sequencing reactions were completed using BigDye Terminator v3.1 (ThermoFisher) and analyzed by Genome Quebec Innovation Centre at McGill University with a 3730xl DNA Analyzer (Applied Biosystems). Electropherograms were analyzed using CodonCode Aligner (CodonCode Corporation).
Sanger sequencing of a subset of mutations that passed the initial filters and had allele ratios indicative of true mutations (supplementary text S5, Supplementary Material online) revealed that none of the 19 mutations for which we obtained interpretable sequences for were reproducible (supple mentary table S2, Supplementary Material online). Further analysis was therefore implemented to reduce the false signals of mutation introduced by sequencing and mapping errors as well as to ensure high sensitivity in detecting true mutations with minimal false negatives. We applied a custom algorithm to re-evaluate the genotype calls, informed by the Sanger sequencing results. The algorithm performed binomial tests at each site to determine (i) the ancestral genotype using allele depths across all lines; followed by (ii) the genotype of each MA line based on the expectation of the ancestral state. To implement the algorithm, we extracted the read information from the sites that passed our initial filters from the BAM alignment files (only reads with mapping quality of at least 20 and sites with base quality of at least 10 were used) using mpileup in samtools v0.1.19 (Li 2011) . We then used read depth information for every line at each putative variant site that passed our initial filters to infer both: (i) the genotype of the MA line progenitor (referred to here as the "ancestral genotype"); and (ii) the genotype of every individual MA line. Only bi-allelic sites that had strong support for either homozygosity or heterozygosity in all MA lines based on allele depth were kept for further analysis (supplementary text S6, Supplementary Material online). Sanger sequencing of another 10 mutations was done at this stage, and still 90% of them were not reproducible (supplementary table S2, Supplementary Material online). Inspection of the BAM files of these false mutations suggested that many of them were caused by mismapping of multiple loci to a single position on the reference genome; for example, reads with many unique differences, reads originating from three distinct alleles, or low mapping quality reads containing the "mutation" that map to multiple other MA lines. This prompted us to remove putative mutations that were also detected at low frequency in reads mapping to other MA lines, and globally, regions of the genome prone to mapping issues (supplementary text S7, Supplementary Material online). SNMs immediately adjacent to indels (i.e., 1 bp away) were also removed because these were typically caused by alignment errors. For Hom-Het mutations, we only considered sites whose ancestral genotype was homozygous for the allele of the reference genome because homozygous alternate sites were prone to mapping biases (supplementary text S8, Supplementary Material online).
For some mutation types, we could not apply specific filters that would consistently eliminate false positives, so we manually inspected BAM alignment files (see details below) with Integrative Genomics Viewer (IGV, Thorvaldsdottir et al. 2013) . Manual inspection was added as a last stage in filtering for multinucleotide mutations (MNMs, multiple SNMs occurring within 50 bp of each other, Schrider et al. 2011 ), HetHet mutations, and indels. The mutations that passed these described filtering steps were considered as our final set. We validated a subset of these with Sanger sequencing, including 19 SNMs, 2 indels, and 6 LOH regions (supplementary table S2, Supplementary Material online). The false positive rates were 21%, 0%, and 0% for SNMs, indels, and LOH regions, respectively. We did not remove mutations from our final set that were likely false positives in order to not introduce bias since not all mutations were checked with Sanger and/or manual inspection. We tested for differences in the false positive rates between the 12 chromosomes based on 25% of the SNMs annotated to each chromosome using the results from Sanger sequencing validations and manual inspections of BAM files. A total of 107 SNMs were used (5-15 per chromosome); 19 by Sanger sequencing and 88 by manual inspection.
Manual Inspection
In order to reduce false positives, we inspected BAM alignment files by eye with Integrative Genomics Viewer (IGV, Thorvaldsdottir et al. 2013) . We determined false positives as putative mutations that did not show consistent linkage to other polymorphic sites, that had more than two alleles mapping, or that had other MA lines with similar "mutant" reads (supplementary fig. S1 , Supplementary Material online). We validated our manual inspection procedure by comparing the manual inspection to the results from Sanger sequencing-and in 100% of the cases, the results were concordant.
Scans for Large-Scale Loss of Heterozygosity
The genomic signature expected from a large-scale LOH event is a long homozygous region in which the ancestral Flynn et al. . doi:10.1093/molbev/msw234 MBE state includes heterozygous sites (i.e., Het-Hom sites). We estimate that 0.7% of the sites (that we obtained sufficient data for) are heterozygous in the MA progenitor Daphnia. Therefore we expected to observe a heterozygous site every $145 bp on average assuming that heterozygous sites are uniformly distributed across the genome. This gave us sufficient resolution to search for LOH events, since a large deletion or ameiotic recombination tract spans multiple ancestral heterozygous sites (2-30 kb tracts, Xu et al. 2011) . To search for LOH regions, we identified regions having consecutive Het-Hom sites minimally interrupted by heterozygous sites. We found many LOH "regions" that consisted of a single HetHom site (stand-alone) or only a few Het-Hom sites clustered spanning a short stretch <100 bp (supplementary fig. S2 , Supplementary Material online). We checked 16 of these with Sanger sequencing (8 of them found only prior to implementing our custom filtering algorithm) to determine if they were true Het-Hom sites. We found that none of these were reproducible suggesting that they were artefacts of either sampling error or mismapping (supplementary table S2, Supplementary Material online). Therefore, we considered only multiple Het-Hom sites that spanned at least 100 bp. To determine whether the LOH region was likely due to a deletion event, we assessed whether the normalized depth of coverage among MA lines differed in these regions, with the expectation that a hemizygous deletion would cause the mutant line to have approximately half the coverage of all other lines.
Mutation Rate Calculation and Genome Equilibrium
All the mutations in the MA lines that remained after the filters and/or manual inspections described above were considered as our final set of mutations and were used for estimating mutation rates. We calculated the per site per generation mutation rate using the formula m ¼ m/(2nTg), where m is the total number of mutations detected, n is the number of sites analyzed, T is the total number of lines analyzed, and g is the average number of generations of MA (Keith et al. 2016) . The denominator was multiplied by two (the diploid rate) to facilitate comparison against other MA studies that used inbred lines where one allele of newly arising heterozygous genotype allele gets fixed within a few generations. For n, we used the total number of reliable sites that were not removed by filtering, which were 52,530,668. For calculating loss of heterozygosity rates, 2n was the total number of sites inferred to be heterozygous in the progenitor, which was 345,493. Confidence intervals around the mutation rate were calculated by bootstrapping with replacement the mutations from the 24 MA lines 1000 times (Efron and Tibshirani 1993) . When calculating the mutation rate across chromosomes, we corrected for the number of sites analyzed per chromosome and also for multinucleotide mutations.
We calculated the conditional mutation rates for all six substitution possibilities: A:T ! T:A, A:T ! C:G, A:T ! G:C, G:C ! C:G, G:C ! A:T, and G:C ! T:A using the number of ancestral sites of each nucleotide that we considered in our analysis. We also calculated the GjC ! AjT (v) and AjT ! GjC (u) mutation rates using the number of G þ C or A þ T ancestral sites in the regions of the genome we consider. We used the following equation to calculate the equilibrium A þ T genome composition based on nucleotide substitution, p (Lynch and Walsh 2007) : p ¼ v uþv . The linkage map produced by was used to map mutations to the 12 chromosomes of D. pulex ).
Effects of Mutations
We determined the functional region (exonic, intronic, and intergenic) in which each mutation occurred using information from the Daphnia genome annotation in Ensembl (version 21). We compared these proportions with the proportion of the total sites in each of the functional regions we used for variant calling. We used snpEFF (Cingolani et al. 2012) to estimate the predicted effects of the mutations (e.g. missense, synonymous, and frameshift).
Resequencing of Two MA Lines
To facilitate comparison to previous studies and to increase confidence in our results, we resequenced two random MA lines (C01 and C35) to obtain higher coverage (reaching 19 and 20 times coverage, respectively, from the original $10x coverage). We combined the additional reads with the data from the first run to assess whether the additional depth affected the mutations discovered and the estimated mutation rates.
Mutation Filtering in the Non-MA Isolates
The mutation detection and filtering pipeline of non-MA isolates was identical to that of the MA lines, except manual inspections were done for all putative mutations. This was necessary since we did not have the expectation that all legitimate mutations would be unique to a single isolate so we could not apply the usual filter of removing putative mutations that have mutant reads mapping in multiple individuals. In order to test for significant differences in mutation rates between the non-MAs and the MAs, we sampled with replacement the SNM rate from four random MA lines of the 24 and calculated the average SNM rate. We performed 10,000 permutations of this, generating a distribution of average SNM rates, which we then compared to the average SNM rate of the four non-MA isolates that were found to be independent (CC3, CC4, CC8, and CC9). We calculated the estimated mutation rate based on a range of possible generations, from the lowest possible to be equal to the 0.05 percentile of the MA line permutation distribution (40 generations) up to approximately the generation the MA lines were at when the non-MAs were collected (100 generations). For calculating differences in Ts/Tv and the distribution of mutations across functional regions, we did 10,000 permutations randomly selecting the same number of mutations found in the non-MAs (20) from the set of mutations in the MA lines. Each time, the value was calculated based on the 20 mutations randomly sampled, and then a distribution of values was calculated.
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